A method for the synthesis of uniform and aggregation free NaCeMoO4 based nanospheroids with tunable size is reported. The procedure is based on a precipitation reaction at 120ºC for 20 h from solutions containing Na2MoO4, sodium citrate and Ce(NO3)3 and different amounts of Y(NO3)3 or Gd(NO3)3. The role played by the later compounds on the formation of the particles and their morphological and structural characteristics is analyzed through the analysis of the mechanism of particle formation.
Introduction
Inorganic pigments are widely used to impart color to different objects in different fields such as ceramics, paints, inks and cosmetic [1] , to mention a few. For these uses, inorganic pigments must be chemically inert, must be insoluble and colloidally stable in the medium in which they are dispersed. Particle size is an important issue when dealing with the application of inorganic pigments since this factor affects the scattering coefficient of the particles and therefore, their optical characteristics (luster, transparency, lightness) [1] . The decrease in particle size also favored the colloidal stability of the pigment particles and increases surface coverage of the object to be colored, thus favoring their performance. Finally, pigments particles with size lying within the nanometer range are mandatory for some applications. This is the case of inject printing, the most recent decoration technique developed for decoration of ceramic materials, for which tints based on nanopigments are essential since large particles sizes give rise to some operation problems such as nozzle clogging and dispersions instability [2] .
Other important concern in the inorganic pigments field is toxicity. Thus, many traditional pigments contain toxic metal cations which are not permitted by modern regulations. For example, except praseodymium yellow (Pr doped zirconium silicate), most of the commercially available yellow pigments contain Pb, Ni, Cd or Sb cations [3] , which are not desirable because of the above reason. Consequently, the development of alternative pigments, which are environmentally benign, is being a research topic of high interest. In this context, several new yellow pigment have been proposed which include some rare earth (RE) based phases such as titanium doped cerium molybdate [4] , titanium doped praseodymium molybdate [5] , molybdenum doped cerium oxide [6] and sodium cerium mixed molybdate [7] . However, to the best of our knowledge, none of these materials has been synthesized in the form of uniform and well dispersed nanoparticles.
In this work, we report for the first time a procedure, based on a homogeneous precipitation reaction in ethylene glycol-water solutions, for the synthesis of highly uniform and well dispersed (in aqueous medium) nanoparticles of a sodium cerium molybdate (NaCe(MoO4)2) ecofriendly yellow pigments. These particles showed an ellipsoidal shape and their mean size could be tuned in the range from 249 to 105 nm (length) and 134 to 61 nm (width) by doping with different amounts of rare earth (Gd 3+ , Y 3+ ) cations. In order to explain such behavior, the mechanism of particle formation is analyzed. Finally, the color of the pigments is evaluated as a function of their size and composition.
Experimental

Reagents
Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, Aldrich, 99%), gadolinium (III) nitrate hexahydrate (Gd(NO3)3·6H2O, Aldrich, 99.9%) and yttrium (III) nitrate hexahydrate (Y(NO3)3·6H2O, Aldrich, 99.8%) were selected as rare earth precursors and sodium molybdate (Na2MoO4, Aldrich, ≥98%) was used as molybdate source. Sodium citrate (Na3C6O7H5.2H2O, Aldrich, 99.5%) was also needed as complexing agent whereas ethylene glycol (EG, Aldrich, ≥99.5%)-water (Milli-Q) mixtures were used as solvent.
Synthesis of NaCe(MoO4)2 nanoparticles
The procedure for the synthesis of NaCe(MoO4)2 based nanoparticles was as follows:
0.25 mmol of Ce(NO3)3 and 0.5 mmol of sodium citrate were dissolved in 1 cm 3 of Milli-Q water and then 1.5 cm 3 of EG were added to this aqueous solution. In a separate vial, 0.5 mmol of Na2MoO4 were dissolved in 2.5 cm 3 of EG under magnetic stirring while heating the vial at ~80ºC to facilitate the dissolution process. The resulting solution (Ce concentration = 0.05 mol dm -3 , EG/water ratio by vol. = 4/1) was left to cool down to room temperature. The latter was then added to the solution containing the Ce precursor, under magnetic stirring, and the mixture was quickly introduced in tightly closed test tubes and heated in an oven at 120 ºC in which, it was finally aged for 20 h. After aging, the resulting dispersions were cooled down to room temperature, centrifuged to remove the supernatants, the precipitates washed, twice with ethanol and once with double distilled water and finally dispersed in Milli-Q water. For some analyses, the powders were dried at room temperature.
Synthesis of RE-doped NaCe(MoO4)2 nanoparticles (RE= Y, Gd).
For the synthesis of RE-doped NaCe(MoO4)2 nanoparticles, we proceeded as described above for the case of the undoped system but incorporating the desired amount of Y or
Gd to the starting Ce(NO3)3 solution. The total concentration of rare-earth cations was always kept constant (0.05 mol dm -3 ). UV-visible diffuse reflectance spectra were recorded using a PerkinElmer UV-vis-NIR spectrometer (model Lambda 750S) equipped with an integrating sphere. Reflectance was converted to absorbance using the Kubelka-Munk equation. [1] The color of the pigment was evaluated according to the Commission Internationale de l'Eclairage (CIE) through L*a*b* parameters [9] . In this system, L* is the color lightness (L*=0 for black and L*=100 for white), a* is the green (−)/red (+) axis, and b* is the blue (−)/yellow (+) axis. These parameters were measured (illuminant D65, standard observer 10°) using a Dr. Lange colorimeter (Model LUCI 100) and a white ceramic title (chromaticity coordinates: x=0.315, y=0.335) as the standard reference.
Characterization
Results and discussion
Nanoparticles synthesis and characterization
One of the most common methods for the formation of uniform particles in solution is homogeneous precipitation. Such process requires a similar precipitation kinetics throughout the solution, which can be reached through a controlled release of anions or cations into the precipitating media [10] . cations involved in the formation of the solid phase, in a controlled manner [11] . This strategy has been adapted from that recently developed by us for the successful synthesis of uniform NaGd(MoO4)2 nanoparticles [12] . At first, we used the same experimental conditions (reagents concentration: Na2MoO4 (0.1 mol dm -3 ), Ce(NO3)3 (0.05 mol dm -3 ) and sodium citrate (0.1 mol dm -3 ), temperature: 120ºC, solvent nature: ethylene glycol/water = 4/1, and aging time = 20 h) optimized for the Gd system. However, although under these conditions, the synthesized nanoparticles for the cerium case showed a homogeneous morphology (spheroidal), their size was heterogeneous (longest dimension between 60 and 190 nm) (Fig. 1a) . It must be mentioned that the ethylene glycol/water ratio in the solvent mixture and the citrate concentration were found to be critical factors to obtain particles with homogeneous shape. Thus, when pure EG was used, no precipitation was detected, whereas for a EG/water ratio of 3/2, particles with irregular shape were formed. Finally, for a higher citrate concentration (0.25 mol dm -3 )
no precipitation took place, whereas for a lower citrate concentration (0.05 mol dm -3 ) the solution precipitated immediately after adding the molybdate containing solution also yielding irregular particles. Interesting, it was found that the addition of other RE (RE = Y 3+ or Gd 3+ ) cations (nominal RE/RE+Ce mol ratio = 30%) to the precipitating solution had an important effect on the size distribution of the synthesized nanoparticles, which kept the spheroidal shape. Thus, homogeneous particles with a mean size of 161 x 94 nm, for Y (Fig. 2a) , and 249 x 134 nm for Gd (Fig. 2d ) doping, were obtained (Table 1) . Table 1 . Shape, size (from TEM), hydrodynamic diameter (from DLS) and Z potential measured for the particles obtained from solutions containing Na2MoO4, Ce(NO3)3 and sodium citrate under the conditions described in the legend for Fig. 1 A further increase of the RE/RE+Ce mol ratio from 30 to 70% gave rise to a progressive decrease of particle size from 161x94 nm to 109x72 nm, in the case of Y addition, and from 249x134 nm to 105x61 nm in the case of Gd addition, while keeping a high uniformity. Size variations on rare earths cations doping have been reported in recent works for different rare earth based systems synthesized by precipitation [13] and attributed to changes of the nucleation energy induced by the dopant cation, which modifies the number of nuclei formed thus changing the size that they will reach at the end of the growth stage [13] .
The values of hydrodynamic diameter obtained from DLS measurement carried out for aqueous suspensions (pH = 6.5) of such nanoparticles (Fig. 3) were similar to the size determined from the TEM micrographs, indicating that the particles were highly dispersed. This behavior may be due to the high value of the zeta potential (between -34
and -37 mV) obtained for such dispersions, which involves a high repulsive interaction between the colloidal nanoparticles resulting in a high colloidal stability. FTIR analyses gave information on the composition of the doped nanoparticles. Thus, the spectra recorded for the particles obtained in the absence or the presence of 50% Y 3+ or 50% Gd 3+ cations (Fig. 4) displayed the bands characteristics of the MoO4 2-lattice vibrations (< 1000 cm -1 ) [7] along with two broad features centered at 3400 and 1580 cm -1 due to absorbed water. Some additional bands in the 3100-2800 and the 1600-1400 cm -1 regions were also detected, which must be attributed to vibration modes of C-H and carboxylate groups, respectively, coming from citrate anions adsorbed on the nanoparticles surface [14] . These anions may act as capping agents controlling particle growth and might also contribute to the higher colloidal stability of the obtained nanoparticles due to their well-known dispersing ability. The values of crystallite size obtained from these patterns (Table 2) were in all cases much smaller (from 20 to 40 nm) than the size of the particles indicating that they were polycrystalline, as confirmed by the DDP obtained from a HRTEM image of a single nanoparticle. This is illustrated in figure 6 , which corresponds to the sample obtained by addition of a 70% of Gd. As observed in the inset of figure 6a, the DDP obtained for the whole particle shows elongated spots suggesting the presence of crystallites that are slightly misoriented. These data suggests that the spheroidal nanoparticles are formed by an ordered aggregation of smaller subunits as is the case of many previously reported RE based nanoparticles [15] [16] [17] . Table 2 . Composition (RE/RE+Ce mole ratio) as determined from ICP and the Vegard´s law, unit cell parameters, unit cell volume and crystallite size measured for the particles obtained from solutions containing Na2MoO4, Ce(NO3)3 and sodium citrate under the conditions described in the legend for Fig. 1 Figure 6 . (a) HRTEM image of a nanoparticle corresponding to the sample doped with a 70% Gd and its corresponding DDP, (b) HRTEM detail and indexed DDP obtained from the marked area.
14 The DDP (Fig. 6b, inset) obtained for a single domain (white square in Figure 6b ), in which the spots assigned to the (1-12) and (004) planes of the tetragonal NaCe(MoO4)2 phase were detected, corresponds to the [110] zone axis of such structure.
The unit cell parameters estimated from the XRD diffraction patterns were found to decrease as RE dopant concentration increased (Table 2 ) indicating the incorporation of the doping cations into the NaCe(MoO4)2 structure on the basis of the smaller ionic radii of Y 3+ (1.019 Å) and Gd 3+ (1.053 Å) when compared with that of Ce 3+ (1.143 Å). It was surprising that although the radius of Gd 3+ is higher than that of Y 3+ , the cell volume of the Gd-doped samples was slightly smaller than that of the Y-doped ones (Table 2 ). To explain this behavior, the unit cell volume expected for the doped samples according to the Vegard´s law were calculated and plotted along with the experimental values vs. the nominal RE/RE+Ce mol ratio (Fig. 7) . It was first observed that in all cases the theoretical values were smaller than those experimentally obtained indicating that the amount of doping cations incorporated to the NaCe(MoO4)2 structure was smaller than the nominal value, which was confirmed by ICP measurements (Table 2) . Incidentally, the RE/RE+Ce mol ratio values obtained from ICP were in close agreement with those calculated from the Vegard´s law for all samples (Table 2 ). It was also noticed that the Gd incorporation was more effective than that of Y (Table 2) (Fig. S1) , with no changes in crystalline structure, which always corresponded to the NaCe(MoO4)2 tetragonal phase (Fig. S2 ). More interesting, the unit cell volume (Table 3 ) was found to decrease also gradually with aging time indicating a progressive Gd 3+ incorporation to the formed particles ( Fig. 8) and therefore, that the kinetic of Ce 3+ precipitation is faster than that of Gd 3+ , under the here used experimental conditions. Table 3 . Size, unit cell parameters, unit cell volume and composition (RE/RE+Ce mole ratio) as determined from the Vegard´s law for the particles obtained by aging for different periods of time solutions containing Na2MoO4, Ce(NO3)3 and sodium citrate under the conditions described in the legend for Fig. 1 In agreement with such interpretation is the EDX profile (Fig. 9b ) obtained along the marked line in the HAAF-STEM image of a nanoparticle shown in figure 9a. As observed, whereas the Ce, Mo and Na contents follows the particle geometry (i.e. such content is higher in the center of the particle in which the thickness is higher), the Gd content is almost constant all along the line indicating an enrichment of Gd in the particle outer layers. 
Optical properties
The visible reflectance and absorption spectra measured for the RE-doped samples are shown in Figure 10 . As observed, all spectra display a broad adsorption band starting at about 580 nm and centered at about 400 nm. Such an absorption in the blue region could be attributed to an O2p-Ce4f charge transfer transition, following a previous report on Modoped cerium oxide based pigments [6] , and is responsible for the yellow color observed for the samples (Fig. 10, inset) . The chromaticity coordinates in the L*a*b* color space measured for all uniform doped samples are shown in Table 4 . As observed, the values for the b* component were always >30, in agreement with the yellow color indicated by the reflectance measurements. The a* values were between about 5 and 12 indicating a slight orange hue, which was higher for the Gd doped samples. Finally, the lightness (L*) was similar for all samples (70 ± 2) indicating a similar color intensity. 
Conclusions
Uniform NaCeMoO4 based nanospheroids can be obtained by a precipitation reaction at 120ºC for 20 h from solutions containing Na2MoO4, sodium citrate and Ce(NO3)3 and different amounts of Y(NO3)3 or Gd(NO3)3 as dopant. The addition of the later compounds is essential to achieve homogeneous size in the nanometer range. This synthesis method allows tuning particle size by changing the Y or Gd doping level. The obtained nanoparticles crystallized into the tetragonal NaCeMoO4 structure and were composed by smaller crystallites slightly missoriented, indicating that they were formed through an ordered aggregation process. Irrespective of the doping cation or doping level, all obtained nanoparticles showed a yellow color with a slight orange hue which was higher for the Gd-doped pigments. These pigments constitute an ecofriendly alternative to more toxic commercial pigments. The synthesized nanoparticles are also free of aggregation in water suspensions and might be suitable for injet-printing technologies.
